Metal organic frameworks (MOFs) have emerged as one of the more interesting classes of materials for adsorption based separation of CO 2 from other gases in exhaust mixtures. To improve efficiency in developing structureproperty relationships, we have developed a general methodology to model, based on molecular grand canonical Monte Carlo ( GCMC) method s, the adsorption of CO 2 and other gases wit hin these framework structures. This approach also provides insight into the relative importance of v arious mechanisms of CO 2 adsorption. So far, we have demonstrated good correlation between calculated and experimental isotherms for a number of synthetic MOFs. Through systematic (virtual) variation of structural motifs we are striving to develop an und erstanding of structure -property relationships that will enable the identification, and hence the design, of optimum materials for CO 2 separation from various exhaust gas mixtures and under varied conditions of temperature and pressure. The paper present s details of the approach, a comparison between predicted and experimentally determined isotherms, and preliminary identification of some preferred structural features.
Introduction
In response to the ever increasing threat of global climate change, methods for the capture and storage of carbon dioxide have been receiving a lot of attention. Some of the more promising techniques are the pressure swing adsorption (PSA) and vacuum swing adsorption (VSA) processes [1] . In each of these methods CO 2 separation is achieved through exploiting the selective adsorption of CO 2 in a porous adsorbent. Once loaded this adsorbent is regenerated by lowering the gas pressure. Zeolites such as 13X or NaY are typically suggested as useful adsorbents, however these have problems, such as the difficulty in regenerating once loaded [2] , which limit their effectiveness. Metal org anic frameworks (MOFs) are another material that have been suggested for CO 2 capture [3] . Large numbers of MOFs with many different structural motifs have also been synthesized and characterized using a range of metals and organic linking groups [4] .
Given the wide v ariability of MOF geometries, to guide adsorbent development appropriate screening techniques need to be dev eloped to predict a priori the loading of different gases within the framework. One such screening technique is GCMC simulations of gas loading [5] . To date the GCMC CO 2 adsorption modeling of only a handful of MOFs have appeared in the literature. The earliest studies by Yang et. al. focused on modeling CO 2 adsorption in Cu 3 (BTC) 2 [6] [7] [8] . They have since applied their modeling methodology to a range of zinc based isoreticular MOFs as well as Mn-MOF and MOF -177 [9] . Yaghi et al have also recently presented some brief details of CO 2 adsorption simulations in different isoreticular MOFs [10] . These simulations are interesting in that they ignore Coulombic interactions between the framework and the loaded gas, which Yang et. al. found to be significant at lower pressures [9] . Ferey et. al. have also used GCMC simulations to model the opening of the MIL -53 framework during CO 2 loading [11] . This was done by calculating isotherms for both the static loaded and unloaded structures, and then the isotherms were combined to give the overall loading isotherm. Finally in a closely related study Babarao and Jiang have used Gibbs ensemble Monte Carlo (GEMC) simulations to model CO 2 adsorption in a range of isoreticula r MOFs, as well as the MOFs UMCM -1 and F -MOF1 and the covalent -organic framework COF102 [12] .
Here we pre sent brief details of our method of GCMC simulation of CO 2 loading in MOFs. This includes methods for simulating the dispersion and electrostatic interactions between gas molecules and the framework. We then demonstrate the applicability of this methodology on a range of different MOFs. Care is taken to vary different aspects of each framework. Finally we draw some general conclusions about the adsorptive properties of different MOFs based on the simulations of each MOF.
Selected MOFs
When developing a methodology to model gas adsorption in MOFs, simulations need to be compared to experimental data on a wide range of different MOFs. Without this there is the possibility that the may be overfitted to the original test set , and it may be problematic to apply to other frameworks. With this in mind we have created a test set of six different frameworks, varying pore geometry, organic linking groups and metals. The frameworks selected are Zn 2 (BDC) 2 (DABCO) [13] , ZIF69 [14] , Zn 2 (DHBDC) [15] , MOF -177 [16] , Cu 3 (BTC) 2 [17] and Cu 2 (BPTC) [18] . The geometries of each of these frameworks is shown in Figure 1 . 
Computational Details

Monte Carlo Simulation Details
All GCMC calculations were carried out using our own code , which uses standard algorithms for Monte Carlo calculations. Simulations were run for a total of 2×10 6 steps for each isotherm point. Where necessary, supercells were created for each framework so that the minimum size of each cell dimension was 20 Ǻ. Some larger cells were tested and no finite size effects were seen. All frameworks were assumed to be rigid during the simulation. Calculated absolute adsorptions were converted to excess adsorption using the method of Monson and Myers [19] . All simulations were performed at a temperature of 298K. Isotherms over the entire pressure range were calculated by calculating adsorptions at at least five different points on the curve and then fitting to the data a Toth isotherm equation [20] .
Forcefield Details
Dispersion energies between the gas and the framework and between gas molecules were modeled using the Compass forcefield, published by Accelrys. While this is a proprietary forcef ield, it is based in part on the PCFF forcefield [21] . In these forcefields dispersion forces are treated through the 9,6 Lennard -Jones equation. Parameters for each pair of atoms are derived from single atom type parameters through the 6 th power combination rules as used in the PCFF forcefiel d. Distance based cut -offs of 18.5 Ǻ were employed, with a cubic spline function reducing the energy to zero over the last 1 Ǻ. It is worth emphasizing that since our goal is ab initio prediction of MOF gas adsorption, we have done no re -parameteri zation of the forcefield, as is common in previous works [22] . This means that while our results here may not be as accurate as those in other studies; our methodology is more broadly applicable.
Electrostatic Potential Details
Electrostatic interactions between the framework and gas molecules and between different gas molecules were included through standard Ewald summation [5] , with convergence factor of 10 -5 . Charges for carbon dioxide were set to replicate the experimen tal quadrupole moment [23] , with the central carbon given a charge of 0.67e -and each oxygen given a charge of 0.355e -. Charges on the framework were assigned through quantum chemical calculations. For each framework a template structure was cut from the bulk crystal. In general this consisted of a metal group surrounded by the connected organic linkers. Negatively charged groups on the organic linkers, such as carboxylate groups, that were not connected to a metal were converted to hydrogen atoms to reduce the total m olecular charge. For frameworks where there were large organic linkers, such as in the case of MOF -177, separate calculations were performed on a metal structure with reduced organic groups and on the whole organic linker itself. In the case of Zn 2 (DHBDC), since it cannot easily be divided into distinct metal/organic units , calculations were performed on a 6 metal structure, shown in Figure 2 .
These template structures were first geometry optimized in the DFT program Dmol 3 [24] to eve n out bond lengths and geometries from the crystal structure. This was achieved using the PBE functional with a double numerical polarized basis set. A single point calculation was then performed using Gaussian03 [25] with the B3LYP functional and the newly revised LanL2TZ basis set [26] . From this calculated wavefunction atomic charges were estimated using either the natural population analysis (NPA) algorithm [27] or the ChelpG algorithm [28] . Using these charges atomic charges were assigned to the framework based on which atoms best represented the molecular character of each atom in the framework. 
Results And Discussions
Simulated CO 2 Isotherms
We have calculated CO 2 adsorption isotherms for each of the MOFs in our test set. These simulations were then compared to relevant expe rimental data, both from our own group [29, 30] , and from Yaghi. et al. [3, 14] . In many cases good agreement between the simulation and experiment was observed. To illustrate this the simulated and experimental isotherms of Zn 2 (BDC) 2 (DABCO) and MOF -177 are shown in Figure 3 . Here we see that both the isotherm shape and the low pressure loading have been well reproduced. The inflection point in MOF -177 experimental is otherm is reproduced in the simulation. At higher pressures the gas loading is a little less than experiment. This is possibly due to the unrefined nature of the forcefield used for modeling the CO 2 dispersion forces. These isotherms might be improved t hrough modification of these parameters, as has been done in other studies [9] . It is likely however, that if the simulation conditions changed (e.g., loadings calculated at different temperatures) then the parameter fitting would no longer be valid [22] . As such, with reference to our goal of ab initio and broadly applicable prediction of CO 2 loading, potential parameter fitting in such a manner is inappropriate . In some other cases the agreement between experiment and theory are not as good. Many of the problems here arise from the fact that the simulations represent the best possible case of CO 2 loading, assuming the MOF adsorbent is perfe ctly activated, and has a defect free crystalline structure. To illustrate this two more CO 2 loading isotherms are shown, in this case for Zn 2 (DHBDC) and Cu 3 (BTC) 2 . In the case of Zn 2 (DHBDC), while there is relatively good agreement between the simulation and experiment at high pressures, here simulation quite drastically overestimates the loading at low pressures. In this framework there are low energy binding sites created by unsaturated metal ions. The discrepancy between simulation and experiment h as therefore one of two causes. One possibility is that the positive charges on the metals have been over -estimated, creating an unphysical electrostatic interaction between CO 2 and the framework. While the charge calculations for this framework were pro blematic, the zinc charge is similar to that in other frameworks. Another possibility is that in the experiment the MOF structure is completely activated, with some solvent or water molecules still bound to the metal. Thi s would not alter the pore volume substantially, but it would shield these binding sites from CO 2 , reducing the adsorption at low pressure. Further work needs to be done to determine which of these possibilities is causing the discrepancy.
Predicting the isotherm for Cu 3 (BTC) 2 is also co mplicated by questions over the accuracy of experimental isotherms. In Figure 4 we present both our simulated isotherm and experimental isotherms from our group (experiment A) and Yaghi's group (experiment B). Here there is a la rge discrepancy between the two experimental isotherms at high pressure. Of the two isotherms our simulation is more closely aligned with the isotherm measured by our group. It is unclear why experiment B shows a significantly lower loading, but again this could be caused by incomplete activation or reduced crystallinity. This demonstrates the care that must be taken in comparing simulated isotherms to experiment. 
Structure / Activity relationships
From the comparisons of the CO 2 loading in different MOFs, some trends can be observed that help to determine the amount of CO 2 loading. One useful structure / activity relationship to investigate is the relationship between pore size and gas adsorption. To test for correlations between these two properties we have p lotted, in Figure 5 , the CO 2 adsorption at 1 bar and the maximum adsorption against the p ore volume. Both the pore volume and CO 2 loading are expressed in terms of the weight of the framework. In the case of the maximum loading there is a strong correlation between the pore size and loading. The reason for this is that for any framework wit h reasonable sized pores, once the framework begins to become saturated the gas -gas interactions begin to dominate the energy. It is these interactions, more than the interactions with the framework that determine how much gas will load into the pores. T he same is not true at lower pressures. Figure 5 shows that at lower pressures there is almost no relationship between pore size and adsorption. This is because at lower pressure the loading is dominated by the specific interactions between the gas and the framework. We have also investigated how the framework geometry affects low pressure loading. To illustrate this we have calculat ed the simulated CO 2 density in the pore free volume for each MOF at a pressure of 1 Bar. This data is shown in Table 1 . This shows a marked difference in densities between the different MOFs, ranging over an orde r of magnitude. Examining the data, a trend emerg es that the frameworks that have exposed positive charges through unsaturated metals have higher gas densities at low pressure. An illustrative comparison here is the MOFs Zn 2 (BDC) 2 (DABCO) and Zn 2 (DHBDC), of which the latter has over three times the gas d ensity at 1 bar, even though it has a larger pore volume. Mapping the electrostatic potentials reveals one of the reasons for this difference. In Figure 6 the regions of positive charge for both these MOFs are co lored. CO 2 is attracted to these areas through the Coulumbic interaction with negative oxygen.
Framework
In the case of Zn 2 (BDC) 2 (DABCO), all of the positive charge in the framework are located between the two zinc atoms, where CO 2 is unable to interact with it d ue to the crowding of other framework atoms . This is contrasted with the Zn 2 (DHBDC) framework, where there are areas of positive charge along the framework channels which are caused by the influence of the zinc ions. These areas of positive charge create low energy binding sites for CO 2 in the framework, which increases low pressure gas adsorption. 
Conclusions
This study demonstrates some of the challenges in modeling gas adsorption in MOFs. While we show in general good correlation between experiments and calculations, there are some discrepancies that still require further investigation, both in the simulation and the comparative experi mental data. We have also demonstrated that at high pressure interactions between gas molecules dominate adsorption energetics, but at low pressures the framework geometry strongly influences adsorption through creating low energy binding sites. This is promising for VSA processes, where these low pressures are used in separations.
